Excessive ROS promote allergic asthma, a condition characterized by airway inflammation, eosinophilic inflammation, and increased airway hyperreactivity (AHR). The mechanisms by which airway ROS are increased and the relationship between increased airway ROS and disease phenotypes are incompletely defined. Mitochondria are an important source of cellular ROS production, and our group discovered that Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) is present in mitochondria and activated by oxidation. Furthermore, mitochondrial-targeted antioxidant therapy reduced the severity of allergic asthma in a mouse model. Based on these findings, we developed a mouse model of CaMKII inhibition targeted to mitochondria in airway epithelium. We challenged these mice with OVA or Aspergillus fumigatus. Mitochondrial CaMKII inhibition abrogated AHR, inflammation, and eosinophilia following OVA and A. fumigatus challenge. Mitochondrial ROS were decreased after agonist stimulation in the presence of mitochondrial CaMKII inhibition. This correlated with blunted induction of NF-kB, the NLRP3 inflammasome, and eosinophilia in transgenic mice. These findings demonstrate a pivotal role for mitochondrial CaMKII in airway epithelium in mitochondrial ROS generation, eosinophilic inflammation, and AHR, providing insights into how mitochondrial ROS mediate features of allergic asthma.
Introduction
Asthma accounts for over 4,000 deaths annually and 2 million hospital visits (1) . Existing treatments, such as bronchodilators and steroids, alleviate symptoms without selectively targeting specific pathologic mediators (2, 3) . While numerous studies have provided evidence that asthma is a pleiotropic disease marked by increased airway ROS, the molecular mechanisms that connect ROS to asthma phenotypes are uncertain (4) (5) (6) (7) . We recently made the unanticipated discovery that the multifunctional Ca 2+ /calmodulin-dependent protein kinase II (CaM-KII) in airway epithelium is a key regulator of the ROS-linked asthmatic phenotypes of inflammation, eosinophilic recruitment and infiltration, and airway hyperreactivity (AHR) in murine models of allergic asthma (8) .
Our group originally discovered that CaMKII is activated by ROS (ox-CaMKII) (9) and that ox-CaMKII is increased in airway epithelium from asthmatic patients after allergen exposure where it correlates with asthma severity (8) . In subsequent studies, we found that mitochondrial-targeted antioxidant therapy protects against inflammation and fibrosis in OVA-challenged mice (10) . These findings implicate both CaMKII and mitochondria in ROS-mediated pulmonary illnesses, including asthma. However, mechanistic insight is lacking.
In this study, we tested the hypothesis that, in response to allergen challenge, CaMKII in the mitochondria (Mt-CaMKII) of pulmonary airway epithelial cells contributes to an increase in mitochondrial ROS (Mt-ROS) and induction of hallmark features of allergic asthma. Utilizing a novel transgenic mouse model in which bronchial epithelial cells conditionally express a potent CaMKII inhibitor directed to mitochondria, we found that mitochondrial CaMKII inhibition significantly reduced Aspergillus fumigatus-and OVA-induced AHR, eosinophilic inflammation, and cytokine expression compared with WT controls. These hallmark Excessive ROS promote allergic asthma, a condition characterized by airway inflammation, eosinophilic inflammation, and increased airway hyperreactivity (AHR). The mechanisms by which airway ROS are increased and the relationship between increased airway ROS and disease phenotypes are incompletely defined. Mitochondria are an important source of cellular ROS production, and our group discovered that Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) is present in mitochondria and activated by oxidation. Furthermore, mitochondrial-targeted antioxidant therapy reduced the severity of allergic asthma in a mouse model. Based on these findings, we developed a mouse model of CaMKII inhibition targeted to mitochondria in airway epithelium. We challenged these mice with OVA or Aspergillus fumigatus. Mitochondrial CaMKII inhibition abrogated AHR, inflammation, and eosinophilia following OVA and A. fumigatus challenge. Mitochondrial ROS were decreased after agonist stimulation in the presence of mitochondrial CaMKII inhibition. This correlated with blunted induction of NF-κB, the NLRP3 inflammasome, and eosinophilia in transgenic mice. These findings demonstrate a pivotal role for mitochondrial CaMKII in airway epithelium in mitochondrial ROS generation, eosinophilic inflammation, and AHR, providing insights into how mitochondrial ROS mediate features of allergic asthma.
features of allergic asthma were regulated in part by Mt-CaMKII-mediated, Mt-ROS-induced activation of NF-κB and the NLRP3 inflammasome. Taken together, our findings suggest that airway epithelial cellderived Mt-CaMKII increases Mt-ROS that promotes induction of core features of allergic asthma. These data implicate Mt-CaMKII in multiple processes in the development of asthma. Mitochondrial-localized CaMKII inhibition may provide a new potential candidate target for future asthma therapies.
Results

Mitochondrial CaMKII inhibition reduces Mt-ROS generation and inflammation in airway epithelial cells.
Mitochondrial dysfunction and excessive ROS generation are believed to promote allergic asthma (6, 7, (11) (12) (13) (14) (15) (16) (17) . However, pathways specifically linking Mt-ROS to key mechanisms in allergic asthma have not been defined. In order to test the hypothesis that Mt-ROS and Mt-CaMKII contribute to allergic asthma, we first examined Mt-ROS levels from freshly isolated primary murine tracheal bronchial epithelial cells (MTBEC, ref. 18) taken from OVA-challenged mice, an established model of allergic airway disease (8) . OVA exposure significantly increased Mt-ROS compared with saline control ( Figure 1A ). We identified CaMKII in the mitochondrial fraction of airway epithelium and tested whether ox-CaMKII was increased after OVA challenge ( Figure 1B) . Compared with saline controls, ox-CaMKII was significantly increased in both the cytosolic and mitochondrial fractions from lungs of allergen-challenged mice. Similarly, exposure of primary human airway epithelial cells (HAEC, ref. 19 ) to IL-13 increased ox-CaMKII in mitochondrial and cytoplasmic fractions ( Figure 1C ).
To test whether Mt-CaMKII activity in bronchial epithelial cells increases Mt-ROS and inflammation, we expressed a mitochondrial-targeted version (20) of the CaMKII inhibitor peptide, CaMKIIN (Mt-CaMKIIN, ref. 21) , in cultured primary HAEC (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.88297DS1). CaMKIIN is the most potent CaMKII inhibitor peptide available and is notable for lacking activity against other calmodulin kinases or protein kinase C (21). Using two different methods, we established that Mt-CaMKIIN significantly blunted Mt-ROS production in response to cytokine agonist as compared with control ( Figure 1 , D and E). We next examined oxidative metabolism in HAEC after establishing the baseline oxygen consumption rate (OCR), which reflects the rate of electron transport in mitochondria (22) . IL-13 induced an increase in OCR, suggesting enhanced oxidative metabolism, which has been shown to correspond with increased ROS (23) , whereas expression of Mt-CaMKI-IN blunted this effect (Supplemental Figure 1C) .
With regards to proinflammatory mediator expression, IL-13 increased IL-5 mRNA levels ( Figure  1 , F and G), consistent with its established role as a Th2 cytokine that induces Mt-ROS and proinflammatory cytokines (10) . In contrast, IL-13-mediated induction of IL-5 expression was abolished in Mt-CaMKIIN-expressing cells. These changes were not a result of enhanced viral-induced cell death, as analyzed by trypan blue exclusion assay (Supplemental Figure 1D) . Analysis of mRNA expression of the epithelial-derived innate immune regulators thymic stromal lymphoprotein (TSLP, ref. 24, Figure 1H ) and eotaxin (CCL11, ref. 25, Figure 1I ) were found to be upregulated after exposure of HAEC to IL-13, while Mt-CaMKIIN-expressing cells showed reduced cytokine-mediated levels. Taken together, these data identify Mt-CaMKII in airway epithelial cells as a key mediator of the molecular response in allergic asthma.
Epithelial-targeted mitochondrial CaMKII inhibition reduces AHR after allergen challenge. To test the concept that Mt-CaMKII is important for allergic asthma in vivo, we generated mice with tamoxifen-inducible transgenic expression of HA-tagged CaMKIIN. Targeting of CaMKIIN to mitochondria in transgenic mice was achieved by fusion of the cox8a N-terminal domain to CaMKIIN (20) . The strategy for generating mice with conditional expression of Mt-CaMKIIN (Cond-Mt-CaMKIIN) in CC10-positive airway epithelial cells is shown in Supplemental Figure 2A . In this model, EGFP is expressed in all tissues in Cond-Mt-CaMKIIN mice prior to tamoxifen-induced Cre recombination ( Figure 2, A and B) . Upon Cre recombination, EGFP cDNA is excised, allowing for controlled expression of the Mt-CaMKIIN transgene and concomitant loss of EGFP expression ( Figure 2C ). Robust transgene expression was detected only in mitochondrial fractions in Cond-Mt-CaMKIIN mice following Cre recombination ( Figure 2D ). As expected, Mt-CaMKIIN was not detected in the cytoplasmic fractions of any group ( Figure 2D ), confirming specific expression and delivery of Mt-CaMKIIN to mitochondria.
We next characterized the effect of Mt-CaMKIIN on allergen-induced ox-CaMKII mitochondrial expression from OVA-treated mice. WT animals treated with OVA had elevated ox-CaMKII expression compared with saline controls ( Figure 2E ). However, expression of Mt-CaMKIIN significantly decreased OVA-mediated mitochondrial-localized ox-CaMKII ( Figure 2E ). Similar to previous findings ( Figure 1A ), WT mice had increased Mt-ROS in isolated MTBEC after OVA treatment ( Figure 2F ). In contrast, MTBEC from OVA-treated Mt-CaMKIIN mice showed reduced Mt-ROS ( Figure 2F ).
We next subjected WT and Mt-CaMKIIN mice to two different validated models of allergic asthma, Aspergillus fumigatus or OVA challenge (Supplemental Figure 2 , B and C) (8) . We measured airway resistance in response to increasing doses of methacholine. In WT mice, allergen challenge induced the expected increase in airway resistance as compared with saline-treated mice ( Figure 2 , G and H). However, Mt-CaMKIIN expression significantly reduced airway resistance after exposure to either allergen, demonstrating that mitochondrial CaMKII inhibition in airway epithelium reduces AHR in two established models of allergic asthma.
Mitochondrial-targeted CaMKII inhibition blunts allergen-induced eosinophil recruitment and infiltration. Accumulation of eosinophils in bronchoalveolar lavage fluid (BALF) is a hallmark of allergic asthma. Thus, we examined leukocyte recruitment to the lungs and BALF obtained from mice exposed to OVA and A. fumigatus. As expected, both A. fumigatus and OVA exposure increased recruitment of inflammatory cells to the BALF of WT mice ( Figure 3, A and B) . Mitochondrial CaMKII inhibition resulted in a reduction in total BALF cell counts compared with WT mice (Figure 3, A and B) . This reduction corresponded with a significant decrease in the absolute numbers of BALF-derived eosinophils ( Figure 3 , C and D), whereas the numbers of total macrophages did not change between genotypes or treatment groups (Supplemental Figure 3, A and B) . Histologic analysis of lung sections demonstrated that, following allergen challenge, eosinophil infiltration into the airway was significantly abrogated in Mt-CaMKIIN mice compared with WT mice (Figure 3 , E and F, and Supplemental Figure 3C ). In contrast to our earlier findings in mice with airway epithelial CaMKII inhibition without mitochondrial targeting (8), we did not detect appreciable differences in mucin staining between genotypes following allergen challenge ( Figure 3 , G and H). Thus, Mt-CaMKII plays a selective role in the recruitment and infiltration of eosinophils to the lung during allergic asthma without affecting mucus production.
Airway epithelial Mt-CaMKIIN inhibits NF-κB activation. We next investigated potential mechanisms by which Mt-CaMKII inhibition protected against key features of allergic asthma. The proinflammatory transcription factor, NF-κB, is a master regulator of inflammation in allergic asthma (26) (27) (28) (29) (30) . We therefore asked if Mt-CaMKII inhibition reduces NF-κB activity and/or expression. A wide variety of agonists stimulate activation of NF-κB in lung epithelial cells that results in enhanced Th2 responses and eosinophilia. These include a component of Gram-negative bacteria, LPS (refs. 31, 32) . Whereas challenge of HAEC with LPS (refs. 33, 34) resulted in pronounced translocation of the NF-κB p65 subunit to the nucleus and increased NF-κB transcriptional activity, expression of Mt-CaMKIIN significantly blunted NF-κB activation ( Figure 4 ). In addition, other targets of NF-κB, including the inflammasome-associated protein NLRP3 (35) and the cytokine IL-1β (ref. 36) , were also reduced in the presence of Mt-CaMKIIN (Supplemental Figure 4 , A-C). These data show that mitochondrial CaMKII inhibition reduces a critical step in NF-κB activation and suggest reduced inflammatory responses to OVA and A. fumigatus could result from Mt-CaMKIIN suppression of NF-κB in airway epithelium.
Mitochondrial-targeted CaMKII inhibition attenuates expression of proinflammatory mediators. NF-κB-mediated expression of Th2 cytokines and chemokines drives recruitment and infiltration of eosinophils in allergic asthma (29, 37, 38) . Club cells have recently been identified as the principal source of Figure 1 . CaMKII in mitochondria of respiratory epithelial cells regulates mitochondrial ROS and IL-5 expression. (A) Representative images and quantification of mitochondrial ROS production in primary murine tracheal epithelial cells (MTBEC) isolated from WT mice after exposure to saline control (n = 6) or OVA (n = 15). Mitochondrial ROS production was determined with mitoSOX (red); MitoTracker (green) was used to colocalize mitochondria. Data were quantified for 10 images per treatment. Scale bar: 100 μm. (B) Immunoblots of active, oxidized, and total CaMKII in mitochondria from lungs of mice exposed to saline or OVA (n = 3-5). CF, cytoplasmic fraction; MF, mitochondrial fraction; MTCO2, mitochondrial protein marker; GAPDH, cytoplasmic protein marker. (C) Immunoblots of active oxidized and total CaMKII in mitochondria in mitochondrial and cytoplasmic fractions of primary human airway epithelial cells (HAEC) treated with media only (control) or IL-13 (10 ng/ml) for 48 hours (n = 3 independent experiments). COXIV, mitochondrial marker. (D) Representative images and quantification of mitochondrial ROS production in HAEC infected with Mt-GFP (empty) or Mt-CaMKIIN virus prior to exposure to IL-13 (10 ng/ml) for 2 days (n = 6 independent experiments; data were quantified for 10 images per treatment and represented as mean fluorescent intensity [MFI]). Scale bar: 100 μm. (E) ROS production by lucigenin assay in isolated mitochondria from HAEC treated as in D (n = 9 independent experiments). In F-I, triangles represent Mt-GFP, circles represent Mt-CaMKIIN. (F and G) IL-5 mRNA levels in HAEC or MTBEC (respectively) infected with Mt-GFP or Mt-CaMKIIN and treated as in D. Data in F are presented as the percentage change relative to Mt-GF-P+IL-13 (n = 3 independent experiments). Data in G are presented as the fold change relative to Mt-GFP control (n = 3 independent experiments). (H) TSLP and (I) eotaxin mRNA levels in HAEC infected with Mt-GFP or Mt-CaMKIIN and treated as in D (n = 3-4 independent experiments). For A-C and F, Student's 2-tailed t test; for D and E and G-I, 1-way ANOVA with Tukey post-hoc test. *P < 0.05 vs. control, # P < 0.05 vs. Mt-GFP+IL-13.
Th2-dependent eotaxin production in the lung (39, 40) , as eotaxin is an eosinophil chemoattractant induced in different allergy models (25, 41) ( Figure 1I ). We found that Mt-CaM-KIIN eliminated eotaxin mRNA expression following A. fumigatus or OVA challenge, in contrast to WT mice, in which eotaxin mRNA was significantly increased by A. fumigatus or OVA challenge ( MitoTEMPO before OVA challenge. Similar to Mt-CaMKIIN mice, OVA-treated mice treated with MitoTEMPO had significantly (P < 0.05) reduced mRNA expression of both cytokines compared with control (Supplemental Figure 5, A and B) . These data show that Mt-CaMKIIN mice reduce expression of allergen-mediated cytokines by reducing Mt-ROS production. Finally, assessment of IL-13 in the Epithelial Mt-CaMKIIN inhibits NLRP3 inflammasome expression. Emerging evidence suggests that inflammasomes play a key role in the inflammatory response in asthma (44) by regulating Th2 differentiation and expression of interleukins (35, 45, 46) . In addition, Mt-ROS production has been linked to NLRP3 inflammasome expression and activity (16, 35, (47) (48) (49) (50) . We found that while LPS challenge induced mRNA and protein expression of NLRP3 ( Figure 6A and Supplemental Figure 4A ), active caspase-1 (p20), and the mature, bioactive form of IL-18 in HAEC, Mt-CaMKIIN decreased expression and activation of these inflammasome-associated proteins ( Figure 6A and Supplemental Figure 4A ). We next examined NLRP3 inflammasome activation in vivo. OVA in the presence of alum has been shown to induce NLRP3 expression (51) . Challenge with either OVA (in the presence of alum) or A. fumigatus induced expression of NLRP3 inflammasome proteins in the lungs of WT mice, but this response was significantly reduced in Mt-CaMKIIN mice following allergen challenge ( Figure 6 , B and C). To address whether NLRP3 activation is directly dependent on expression of Mt-CaMKII in airway epithelial cells, HAEC were infected with an adenovirus expressing Mt-CaMKII. Overexpression of Mt-CaM-KII was sufficient to increase levels of mature IL-18 ( Figure 6D ), whereas treatment of cells with the NLRP3 inhibitor MCC950 (52) abolished Mt-CaMKII-mediated effects. These data provide evidence that Mt-CaMKII inhibition ablates NLRP3 inflammasome activity in allergic asthma.
Increased NLRP3 and IL-18 expression in airway epithelium from atopic asthmatic patients. Our data provide evidence for a pathway in airway epithelium where allergens increase inflammatory signaling by activating NF-κB and inflammasomes. While NF-κB signaling is firmly established to promote asthma in patients, the role of inflammasome signaling is less established. In order to test for the translational relevance of our findings related to inflammasome activation, Mt-CaMKII and Mt-ROS in experimental models, we next determined NLRP3 and IL-18 protein expression in lungs from nonasthmatic and from atopic asthmatic patients (Supplemental Table 1 ). We found that expression of NLRP3 and IL-18 was increased significantly in lung biopsies from asthmatic patients, specifically in the airway epithelium, compared with healthy controls (Figure 7 ). These data suggest that increased NLRP3 inflammasome expression in airway epithelium is increased in asthma.
Discussion
Asthma is a condition of increased ROS, airway inflammation, and AHR (5, 37, 40, 53) . Airway epithelial ox-CaMKII is increased in asthmatic patients and transduces elevated ROS to promote allergic asthma in mouse models (8) . Mitochondrial dysfunction and Mt-ROS are emerging concepts in HAEC infected with adenovirus containing Mt-GFP or Mt-CaMKIIN (10 MOI) and then exposed to control (media) or LPS (5 μg/ml) for 30 minutes. Data were quantified as the percentage difference relative to Mt-GFP control (n = 3 independent experiments). TOP2B, topoisomerase 2β. (B) NF-κB luciferase reporter activity in HAEC coinfected with adenoviruses containing NF-κB luciferase reporter and Mt-GFP or Mt-CaMKIIN. Cells were then exposed to LPS (1 μg/ml) for 24 hours. Triangles: Mt-GFP; circles: Mt-CaMKIIN (n = 9 independent experiments). ANOVA was used with Tukey post-hoc test. *P < 0.05 vs. control; # P < 0.05 vs. Mt-GFP+LPS.
in asthma; however, sources of these phenomena are unclear (6, 7, 10-12, 54). One potential clue is that mitochondrial CaMKII inhibition is protective in a variety of myocardial injury models linked to elevated ROS and mitochondrial dysfunction (7, 20, 55, 56) . Here, we show increased levels of ox-CaMKII in the mitochondria of murine lung homogenates and primary HAEC after allergen challenge, while inhibition of Mt-CaMKII reduced expression and Mt-ROS production. Inhibition of mitochondrial CaMKII protects against OVA-and A. fumigatus-induced allergic lung disease, including reduction of NLRP3 inflammasomes, Th2 cytokines, eosinophilic inflammation, and AHR ( Figure 8 ). Our data position Mt-CaMKII in airway epithelium as a key regulator of Mt-ROS in allergic asthma.
Taken together with our earlier model of extramitochondrial CaMKII inhibition in airway epithelium (8), our data suggest subcellular specificity to CaMKII signaling in allergic asthma (57) . Untargeted CaM-KII inhibition reduces allergen-induced mucus production via a mechanism that includes regulation of chloride current (I Cl ) through γ-aminobutyric acid type A receptor (GABAAR) (7). GABAAR is expressed on the apical surface of bronchial epithelia (58, 59) . The fact that mucus production was not altered in our model strengthens our conclusion that CaMKII was specifically inhibited in the mitochondria without modifying CaMKII-mediated effects in the cytosol and suggests there are multiple signaling pathways regulated by CaMKII in distinct cellular compartments (57) . We also studied changes in lung-derived IL-13, a known inducer of mucus production and secretion (60) . Our data showed that IL-13 was increased in both A. fumigatus-and OVA-treated WT mice, while inhibition of Mt-CaMKII reduced expression. However, other models of allergic asthma demonstrate mucus secretion and expression through IL-13-independent pathways, including the cytokines IL-17A and IL-6 (61, 62) . This suggests that, in addition to subcellular-specific effects, lung epithelial-derived Mt-CaMKII does not target IL-6 or Th17 signaling pathways (63) , while many of the other core phenotypes of allergic asthma, including Th2 mediator production, eosinophilic inflammation, and AHR, are blunted.
NF-κB is a redox-sensitive transcription factor (64), and mitochondrial oxidative stress has been linked to NF-κB activation, leading to increased inflammation (65, 66) . CaMKII modulates various proinflamma- tory signaling pathways, particularly those linked to NF-κB (8, 67, 68) . Previous studies utilizing intranasal instillation of KN-93, a pharmacological inhibitor of CaMKII, demonstrate reduction of NF-κB activity in OVA-challenged mice (8) . In acute asthma, mitochondria generate superoxide that is converted to hydrogen peroxide. This compound can then reach the cytoplasm after opening of the mitochondrial transition pore (refs. 69-71); thereby, hydrogen peroxide generated in mitochondria acts as a signaling mediator that induces NF-κB activation (12, 72) . Our data are in support of these studies, as we found that epithelial Mt-CaMKIIN expression reduced stimulant-mediated oxidative stress and altered mitochondrial function (measured by Mt-ROS and OCR), which correlated with reduced NF-κB activation. Although drugs that target NF-κB are currently in development (73) , there is concern that long-term NF-κB inhibition may result in immune suppression and impairment of host defenses (2) . As such, mitochondria-targeted CaMKII inhibition (which did not cause increased toxicity of airway epithelial cells compared with control virus) may prevent excessive, pathological NF-κB activation without negative consequences of "direct" NF-κB inhibition.
Both NF-κB activation and Mt-ROS generation have been implicated in the activation of NLRP3 inflammasomes (16, 35, 47, 65, 74, 75) , with emerging data suggesting a role for inflammasomes in a variety of lung diseases (16, 31, (44) (45) (46) (76) (77) (78) . In a model of house dust mite-induced asthma, airway epithelial NLRP3 expression correlates with enhanced asthma phenotypes, which can be reduced by scavenging Mt-ROS (16) . Activation of NLRP3 in dendritic cells by bacterial challenge identified a role for NLRP3/caspase-1/IL-18 in promoting allergic asthma (78) . In addition, in diet-induced obesity, NLRP3 induces innate lymphoid cell-mediated AHR (79) . Relevant to our study, the NLRP3 pathway has also been implicated in OVA-induced asthma (51), and we extend these findings by demonstrating NLRP3 activation in the A. fumigatus model. Importantly, we found that targeted inhibition of CaMKII in mitochondria of airway epithelial cells reduced NLRP3 expression, caspase-1 activation, and mature IL-18. Additionally, overexpression of Mt-CaMKII in HAEC led to the induction of mature IL-18, which was ablated in the presence of an NLRP3 inhibitor. Finally, we found in human lung sections that, compared with normal individuals, atopic asthmatics have significantly increased NLRP3 and IL-18 expression in airway epithelium. Taken together, these data in mouse models demonstrate that Mt-CaMKII exerts proinflammatory effects through multiple pathways, including NF-κB and NLRP3 inflammasome activation that converge on downstream induction of Th2 cytokines. The finding of increased inflammasome expression in patients suggests these pathways, defined in mice, may be relevant to humans.
In summary, our study provides evidence suggesting that excessive CaMKII activity in mitochondria of airway epithelium drives a cascade of Mt-ROS-dependent events, leading to key asthma phenotypes. Further studies will be required to determine which targets are critical for CaMKII to induce Mt-ROS as well as if activation of Mt-CaMKIIN after establishment of asthma is therapeutically relevant. Regardless, the translational potential of our findings is high, given that CaMKII inhibitors and mitochondrial targeting strategies that improve mitochondrial accumulation and retention of therapeutic agents are currently under development (53, 80) . Targeting CaMKII in airway epithelia could be achieved with an inhaled agent, thus limiting potential side effects associated with CaMKII inhibition in other cell types. Moreover, the apparent link between Mt-CaMKII, Mt-ROS, NF-κB, and NLRP3 inflammasome activation in OVA-and A. fumigatus-challenged mice could have implications for other diseases marked by elevated ROS and inflammation.
Methods
Generation of mice and strains. Mice with tamoxifen-inducible Cre recombinase driven by the CC10 promoter (81) on a C57BL/6 background (denoted as "CC10-CreRT2 mice or CC10-Cre mice") were obtained from Jackson Laboratories. HA-tagged Mt-CaMKIIN mice were generated by cloning cDNA for the HA-tagged CaMKII inhibitor peptide CaMKIIN (HA-CaMKIIN) (20, 82) fused with the mitochondria targeting Cox8-palmitoylation sequence (20) into a construct containing the CX-1 promoter and a floxed enhanced GFP sequence (83) , also on a C57BL/6 background. Double-transgenic mice, denoted as "Mt-CaMKI-IN mice," were generated by crossing CC10-CreRT2 mice with HA-tagged Mt-CaMKIIN mice, as diagrammed in Supplemental Figure 2A . All mice were genotyped by established methods.
Club cell-specific expression of the peptide CaMKIIN was induced in 6-to 8-week-old male and female (equal proportions) mice via i.p. injection of tamoxifen dissolved in corn oil (5 days, 0.25 mg/g, Supplemental Figure 2 ). HA transgene expression was verified by immunofluorescence using GFP and anti-HA antibody in 10-μm frozen lung sections (HA Epitope Tag Antibody [16B12], 1:200, catalog A-21288, ThermoFisher Scientific). Sections were imaged using a LSM 510 confocal microscope (Carl Zeiss). Low levels of expression of HA-tagged CaMKIIN (leak) were detected in mitochondria from both the HA-tagged Mt-CaMKIIN mice (lacking the CC10.Cre transgene) and in double-transgenic Mt-CaMKIIN mice in the absence of tamoxifen-induced Cre recombination (see Figure 2D) . In order to reduce any confounding effects due to Mt-CaM-KIIN leak, all studies used tamoxifen-treated CC10-CreRT2 mice as WT littermate controls.
Murine models of allergic asthma. Beginning 10 days after the first tamoxifen injection (day 0), allergic asthma was modeled in vivo by challenge with A. fumigatus or OVA, as shown in Supplemental Figure 2 , B and C, and as previously described (8) . For the A. fumigatus model, mice were sensitized on day 0 via single i.p. and s.c. injections with a total of 20 μg of A. fumigatus crude extract (catalog XPM3D3A25, Greer Laboratories) dissolved in 0.2 ml of incomplete Freund adjuvant (catalog F5881, Sigma-Aldrich). Next, mice were challenged with 4 intranasal instillations of 10 μg of A. fumigatus on days 7, 14, 21, 28, and 32. An equal volume of Freund adjuvant was administered to control mice. For the OVA model, mice were sensitized by i.p. injection of 10 μg of OVA (catalog A7641, Sigma-Aldrich) mixed with 1 mg of alum (or saline alone, for control mice) on days 0 and 7. Mice were subsequently challenged with inhaled OVA (catalog A5503, Sigma-Aldrich, 1% solution in 0.9% saline, 40-minute challenge) or saline on days 14-17 (Supplemental Figure 2) .
Epithelial cell culture and Mt-CaMKIIN adenoviral expression. Primary murine tracheal epithelial cells were isolated from B62 mice (obtained from Charles River Laboratories) as previously described (18) . For expression of Th2 cytokines, cells were plated onto collagen-coated (BD Biosciences) coverslips and maintained in MTEC Plus culture medium as described previously (18) . Cells were grown until confluent and then infected with either adenovirus containing the cDNA for mitochondrial-targeted GFP (Mt-GFP, empty vector) or Mt-CaMKIIN (both at 10 MOI) for 6 hours. Adenoviral vectors were generated by the University of Iowa Gene Vector Core Facility. In some experiments, cells were challenged with recombinant murine IL-13 (10 ng/ml, catalog 413-ML-005/CF, R&D Systems) for 14 days.
Primary HAEC were obtained from the Cells and Tissue Core, University of Iowa, Division of Pulmonary Medicine (19) . Cells were grown in keratinocyte serum-free media (Gibco) and routinely tested for mycoplasma contamination. Early passages were treated with adenovirus-expressing Mt-CaMKIIN or empty vector control virus (Mt-GFP) for 48 hours (both at 10 MOI). In some experiments, cells were incubated with recombinant human IL-13 (10 ng/ml, catalog 213-ILB/CF) for 48 hours or 5 μg/ml LPS (Escherichia coli 055:B5, catalog L2880, Sigma-Aldrich) for 30 minutes (for NF-κB experiments) or 24 hours (for NLRP3 inflammasome expression analysis; for mRNA levels in Supplemental Figure 4) . For NLRP3 inhibition, cells were infected with Mt-GFP or Mt-CaMKII (10 MOI). After 48 hours, cells were exposed to MCC950 (7.4 nM, catalog 17510, Cayman Chemical, ref. 52) for 24 hours. For NF-κB p65 immunoblots, nuclear fractions were isolated using the NE-PER nuclear and cytoplasmic extraction kit (catalog 78833, Thermo Scientific).
Assessment of AHR. AHR in response to methacholine was measured after the last A. fumigatus or OVA exposure on a flexiVent small-animal ventilator (Scireq) using a single compartment model, giving the dynamic resistance of the respiratory system (R), as described previously (8) .
Bronchoalveolar lavage and cell differential. After the assessment of AHR, mice were euthanized. The trachea was cannulated, and two phosphate-buffered saline washings were collected for total and differential counts of lavage cells. BALF cellular differential was determined on 250 μl cytospins stained with Diff-Quik (Dade Behring).
Murine lung histology. Lungs were fixed with 4% paraformaldehyde and then processed by paraffin embedding. Tissue sections (5 μm) were stained using H&E or Alcian Blue/PAS to determine mucin distribution. Images were taken on an Olympus BX-61 light microscope (Olympus). Eosinophilia from H&E sections was determined using the ×100 objective; 4-7 random digital images per group were taken within areas of overt peribronchiolar inflammation. Total eosinophil cell counts were determined using NIH ImageJ software (ImageJ64, version 1.48, NIH) and expressed as number of cells per 10-μm area. For mucin measurements, PAS-stained slides were imaged (×20 objective), and then ImageJ software was used to determine the percentage of positive stained area per total area.
Cytokine analysis by ELISA. Homogenates of flash-frozen lungs were prepared in radioimmunoprecipitation assay (RIPA) buffer with phosphatase and protease inhibitors. IL-4, IL-5, and IL-13 were analyzed in lung homogenates by cytokine-specific ELISA Duo Set kits (catalog DY404, DY405, and DY413, respectively, R&D Systems).
Quantitative real-time PCR. Total RNA was isolated using the Qiagen RNeasy column-based kit. Complementary DNA was prepared using the SuperScript III reverse transcription system (Invitrogen) with random nanomer primers. Expression of mRNA was quantified with the iQ LightCycler (Bio-Rad) and SYBR Green dye system and normalized to acidic ribosomal phosphoprotein 1 (Arp) mRNA for mouse mRNA or GAPDH for human RNA analysis. Primer sequences are provided in Supplemental Material.
Mitochondria isolation. Freshly collected HAEC or murine lung homogenates were suspended in ice-cold mannitol, sucrose, EGTA (MSE) buffer [5 mM 3-(N-morpholino) propanesulfonic acid, 70 mM sucrose, 2 mM ethyleneglycol-bis-(b-aminoethyl ether)-N, N9-tetraacetic acid, 220 mM mannitol, pH 7.2, with KOH] and then homogenized. Nuclei and unbroken cells were pelleted by centrifugation twice at 600 g for 5 minutes. The crude mitochondrial and cytosolic fraction was obtained from the supernatant by centrifugation at 8,500 g for 10 minutes. The pellet was then resuspended in 100 μl MSE with protease and phosphatase inhibitors. Finally, samples were centrifuged at 8,500 g for 10 minutes, and the pellet was resuspended in 50 μl MSE with protease and phosphatase inhibitors.
Mt-ROS detection with mitoSOX. ROS were measured in live-cultured HAEC or freshly isolated murine cells using the dihydroethidium derivative mitoSOX red (5 mM, catalog D1168, Invitrogen). The mitochondrial localization of staining was confirmed by colocalizing with MitoTracker green or deep red (50 nM, catalog M7514 or catalog M22426, respectively, Thermo Fisher Scientific). Cells were imaged using a LSM 510 confocal microscope (Carl Zeiss) and analyzed with NIH ImageJ. All images were taken at the same time and using the same imaging settings. Data are presented as percentage difference from controls.
Lucigenin assay. The rate of superoxide anion formation was determined in isolated mitochondria by lucigenin (bis-N-methylacridinium nitrate, catalog M8010, Sigma-Aldrich) as described previously (10, 84) . Briefly, 100 μl of substrate nicotinamide adenine dinucleotide phosphate reduced (100 μM) was added to 20 μg of mitochondrial protein lucigenin (5 μM). Chemiluminescence was monitored every 15 seconds for 10 minutes, and the rate of change was expressed as relative light units per second.
Immunoblots. Homogenates of flash-frozen lungs or cell lysates were prepared in RIPA buffer with phosphatase and protease inhibitors. The proteins were separated by SDS-PAGE and transferred to a PVDF membrane. The membrane was then incubated with primary antibodies against pan-CaMKII (1:250, catalog 07-1496, Millipore); ox-CaMKII (1:250, immune sera, ref. 20) , human p65 (1:500, catalog sc-109, Santa Cruz), human topoisomerase IIβ (1:500, catalog sc-13059, Santa Cruz), NLRP3 (1:500 catalog AG-20B-0014, Adipogen), Caspase-1 (p20, 1:500, catalog sc-1218, Santa Cruz), human IL-18 (1:1,000, catalog 04-1503, Millipore), mouse/human IL-18 (1:500, catalog sc-7954, Santa Cruz), GAPDH (1:2,000, catalog 2118S, Cell Signaling), COXIV (1:2,000, catalog 4850, Cell Signaling), or MTCO2 (1:500, catalog ab3298, Abcam) followed by incubation with the appropriate HRP-conjugated anti-goat (1:1,000; catalog HAF017, R&D Systems), anti-mouse (1:1,000, catalog 7076, Cell Signaling), or anti-rabbit (1:1,000, catalog sc-2004, Bio-Rad) IgG secondary antibody.
Human subjects. Nonsmoking asthmatics volunteers with a physician diagnosis of mild atopic asthmatic according to National Asthma Education and Prevention Program (85) were recruited from Vanderbilt University. All participants had a positive skin test with aeroallergens typical for this area, methacholine test, and inhaled allergen challenge. Asthma drugs were stopped for at least 48 hours prior to experimental procedures. Two patients used intermittently inhaled corticosteroids for seasonal asthma exacerbation but not during the period of the study. All women had negative urine HCG tests.
Experimental procedures. Prick skin test was done with diluent and histamine controls and a set of standardized allergens (Dermatophagoides pteronyssinus, Dermatophagoides farina, catalog hair, Bermuda grass, Kentucky bluegrass, fescue meadow grass, orchard grass, redtop grass, rye grass, sweet vernal grass, timothy grass, and short ragweed, Greer Labs) (86) . The methacholine (Methapharm Inc.) challenge was performed using a Salter dosimeter (Salter Labs) and Flow Screen spirometer (VIASYS Healthcare GmbH) (87) . Provocations with inhaled allergen were carried out using the protocol described by Cockcroft and colleagues (88) . Allergen aerosols were generated using a Wright nebulizer connected to a 2-way Hans Rudolph valve mouthpiece (Roxon) attached to a wall oxygen source at 50 psi. Fiberoptic bronchoscopy with 4 endobronchial biopsies was performed in the lingua of the left upper lobe. Patients fasted overnight before bronchoscopy. Intravenous midazolam (1-2 mg) and fentanyl (50-100 mcg) were administered for sedation and topical lidocaine (≤7 mg/kg) to anesthetize airways. Biopsies were taken at bifurcations of segmental airways using disposable alligator forceps (Olympus FB-211D-A, Olympus America Inc.).
Immunohistochemistry of lung tissue. Lung tissue samples were fixed in 10% formalin for 2 hours at room temperature prior to paraffin embedding. Any endogenous peroxidase was blocked with 3% H 2 O 2 in methanol, and the sections were stained for NLRP3 (1:100, Adipogen) or IL-18 (1:50, Millipore). The sections were incubated for 10 minutes in anti-mouse biotin (M.O.M. kit, catalog BMK-2202, Vector Laboratory) and then incubated for 30 minutes in avidin-biotin-peroxidase complex (Elite ABC kit, Vector Laboratory). Diaminobenzidine (DAB Reagent Set, KPL Laboratory) was used as a chromogen. Counterstaining was performed using hematoxylin. Intensity of staining of airway epithelium was determined using image acquisition and analysis software (ImageJ, NIH) and presented as percentage difference compared with healthy controls. All images used the same imaging settings. The quantity of positive staining in the epithelial layer only was determined by analysis of 3-6 fields of view per slide at ×40. Images were taken at ×40.
Statistics. Data are shown as mean ± SEM. Analysis of experiments was conducted using 2-way ANOVA or 1-way ANOVA, and post-hoc comparisons were tested using Tukey correction. For HAEC experiments and lung section analysis, Student's 2-tailed t test was utilized to determine differences. The GraphPad Prism statistical software program was used for the analyses. P < 0.05 was regarded as statistically significant.
Study approval. The study was approved by the Vanderbilt University Committee for the Protection of Human Subjects. All animal care and housing requirements of the NIH Committee on Care and Use of Laboratory Animals were followed. All protocols were reviewed and approved by the University of Iowa Animal Care and Use Committee.
